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            ABSTRACT OF THESIS 
 
 
 
 
         POWER SPECTRAL DENSITY ANALYSIS OF PRINTER DEFECT 
 
 
A potential characterization tool for printer quality is the power spectral density (PSD) 
analysis of flat-field printer outputs. This thesis explains the relationship between the 
PSD and characteristics of printer defects using examples of scanned printer outputs. In 
addition, a protocol is also presented for scanning flat fields and performing a PSD 
analysis. The protocol considers sampling and windowing issues to best focus on defects 
or quality issues of interest. The main objective of this work is to determine the 
interactive relationships of print defect patterns such as graininess, streaking, and banding 
under flat-field hardcopy outputs. The additive and multiplicative models are considered 
for describing the interaction between printer defects. Simulated print defect patterns and 
metrics base on the PSD are used to demonstrate the patterns generated by multiplicative 
and additive processes. These results are compared the PSD of actual flat-field prints 
from digital printers to draw conclusion concerning actual artifact interaction. For all 
defects examined the additive model is shown to be a good model of the interactions 
between printer defects. 
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CHAPTER 1  
Introduction and Literature Review 
Recent advances in digital imaging technology and multimedia applications have 
renewed research interests in image quality. Image Quality (IQ) has conventionally been 
evaluated in two different methods. One approach to the image quality evaluation is 
image quality metrics, which are objective measurements of an image based on 
mathematical calculations [5, 11-15]. The other approach is an image preference, which 
is a subjective measurement of overall image based on many observers [6-10, 11, 15]. A 
central issue in the analysis of image quality is the understanding of the Human Visual 
System (HVS), which is critical in the development of image quality metrics.  
Section 1.1 of this chapter discusses the image quality description. Section 1.2 details 
features of the Human Visual System (HVS). Section 1.3 introduces the approaches of 
the InterNational Committee on Information Technology (INCITS) W1.1, which is the 
U.S. representative of ISO/IEC JTC1/SC28 and the standardization committee on image 
quality for printer system. This chapter concludes with a hypothesis statement and overall 
organization of the thesis in Section 1.4 and 1.5, respectively. 
1.1  Image Quality Description 
Keelan [1] defines image quality as follows: 
“The quality of an image is defined to be an impression of its merit or excellence, as 
perceived by an observer neither associated with the act of photography, nor closely 
involved with the subject matter depicted.” 
As mention before, image quality is usually separated into two classes [11,15] 
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1. Objective image quality is evaluated through physical measurements of image 
properties. In the case of digital imaging this is achieved with special software 
evaluating the digital file.        
2. Subjective image quality is evaluated through judgment by human observers. The 
final goal of image quality assessment research is to find objective image quality 
metrics that automatically respond to the subjective values from the human 
observers.  
The common objective metrics in image quality analysis are Mean Square Error (MSE) 
[5], Peak Signal to Noise Ration (PSNR), Modulation Transfer Function (MTF) of the 
imaging system [1], and the Noise Power Spectra (NPS) [21]. In this thesis, the two-
dimensional NPS is the characterization tool, the details of which are described in 
Chapter 2. These metrics are easy computed, but the values do not correlate well with 
subjective quality measures by human observers. Therefore, it is not possible to develop 
objective image quality metrics without understanding the Human Visual System (HVS). 
In the last two decades, the analysis of the HVS features has been emphasized to develop 
objective metrics and the following section details features of the HVS. 
1.2  HVS Features  
Perceptual image quality is correlated with various HVS features [6, 7, 8, 9, 10]. The 
most commonly used features are luminance contrast sensitivity, frequency contrast 
sensitivity, and masking effects.  
Luminance contrast sensitivity is referred to as the amplitude nonlinearity of the visual 
system. Ernst Weber, a 19th century experimental psychologist, observed the following 
relationship, known since as Weber’s Law [16] 
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K
I
I =∆ , (1-1) 
 
where I is the initial stimulus magnitude, I∆  is the difference threshold and K is a 
constant. More simply stated, the size of the just noticeable difference ( I∆ ) is 
proportional to original stimulus value ( I ).  
Many researchers have performed experiments to measure the contrast sensitivity 
function (CSF) of the human vision system over a variety of frequencies. Mannos and 
Sakrison defined a general form for the CSF [17]: 
g
dfecfbafCSF )()()( −+= , (1-2) 
 
 where parameters a=2.6, b=0.0192, c=0.114, d=0.114, and g=1.1. The CSF describes the 
variations in visual sensitivity as a function of spatial frequency and viewing distance. In 
addition, the CSF can be thought of as a band-pass characteristic, much more sensitive to 
middle spatial frequency range. An example of the CSF is shown in Figure 1.1 along a 
single orientation. A 2-D NPS for obtaining a perceptually weighted metric for the printer 
defects such as graininess, streaking, and banding can weight the 2-D CSF.   
    
Figure 1.1 Contrast Sensitivity Function adapted from [17] 
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The masking effect is dynamic HVS feature where the presence of a signal component 
influences the way the other signal components are perceived. In other words, the 
stimulus in one sub-band will raise the detection threshold other stimulus in the same 
sub-band [17]. This feature is useful for the improvement of image coding efficiency and 
the design of image quality metrics, even though the theoretical formulation has not been 
able to prove various forms of masking [18].   
1.3  The Approach of the INCITS W1.1 Process 
The InterNational Committee on Information Technology (INCITS) W1.1 is the U.S. 
representative of ISO/IEC JTC1/SC28 and the standardization committee on image 
quality for printer system. The paper [11] proposes the perceived image quality could be 
described by a small set of broad-based attributes. In addition, it focuses on evaluating 
the overall image quality of hardcopy output from printer systems so that the systems can 
be compared in a meaningful way. The idea of this thesis is strongly influenced by the 
methodology laid out in [11], where the main objective of this thesis is to analyze the 
interaction of the printer defects on the flat-field hardcopy output from any printer 
systems. The process for developing the Image Quality of Printer Standards is described 
in [4]. There are currently six ad hoc W1.1 teams, each team working on one or more of 
these image quality attributes, which enable evaluation of overall image quality. 
Image quality of printer systems can categorize three different domains as objective 
image quality metrics, image preference, and image quality attributes. The disadvantage 
of objective metrics is that they do not directly model high-level image quality 
descriptors and not enough is know about the higher-level cognitive processes to combine 
the large number of various metrics in a meaningful way. For examples, if someone 
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wants to compare the overall image quality using image quality metrics, he or she would 
need to compare thousands of numerical values. This is difficult to do in a meaningful 
manner that models the human quality judgment process. The disadvantage of image 
preference is that it is difficult to quantify and is strongly dependent on image content. 
Moreover, even though color rendering is one of the weaker links in the overall image 
quality, the influence of color rendering on preference is a major concern. Because of 
these inherent drawbacks associated with image quality metrics and image preference, 
image quality attributes have been introduced for the overall image quality of a printer 
system from W1.1 Process.  
1.3.1 Image Quality Attributes 
Image quality attributes used at Xerox are those specified by the DAC (Document 
Appearance Characterization) system [11] and a high-level image quality descriptor. As 
mention in Section 1.1, a long-term goal is to be able to predict image quality from 
measurements on analytical images using statistical correlations. Image quality attributes 
combine some of the best features of both image quality metrics and image preference 
because they can correlate with image quality attributes. Figure 1.2 shows the current 
DAC attributes that are rated on an absolute scale of 0 to 100, with 100 indicating the 
best quality.  
This thesis focuses on the uniformity such as Macro-uniformity and Micro- uniformity. 
The contributors of Macro-uniformity are streaks, bands, mottle, gradients, moiré, etc and 
the contributors of Micro-uniformity are streaks, bands, voids, mottle, granularity, 
textures, noise, etc. While both attributes are similar because they focus on uniformity, 
the scale of analysis is the key different.   
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 Figure 1.2 The DAC image quality attributes adapted from [11]. The solid and dotted 
lines illustrate the image quality of two hypothetical printers. 
 
Defect that are noticeable over 2 cm patches or less are considered micro-uniformity 
defects and this over large areas up to the whole page are Macro-uniformity attributes.  
While the DAC system defines major categories of image attributes it does not specify 
how to quantify the defects or printer artifacts that directly affect each attribute.  The 
contribution of this thesis focuses on finding the interaction between printer defects that 
affect uniformity such as graininess, streaking, and banding, and being able to model 
these interactions in the NPS. An understanding of this interaction could lead to better 
models for combining metrics for perceptual scoring of image quality.    
1.4 Motivation and Hypothesis 
Paul J. Kane [21] suggested the additive interactions of graininess, streaking, and banding 
artifacts. The printer gear created banding noise in the images, which are also created by 
the halftoning. The location of halftoning depends on the density of banding artifact, and 
it seems to be the multiplicative interaction between two components. Therefore, our 
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motivation of this thesis is to find the multiplicative interaction of suggested three printer 
artifacts.     
 The hypothesis of this thesis is that multiplicative models better describe the interaction 
between printer artifacts. If this hypothesis is rejected, we assume additive model is more 
realistic model than multiplicative models. 
1.5 Approach 
The goal of this thesis is to determine the interactive relationships of print defect patterns 
such as graininess, streaking, and banding under flat-field hardcopy outputs. The 
characterization tool used in this work is the power spectral density (PSD) of flat-field 
printer outputs. Two types of models were considered for describing the interaction 
between printer defects, which are the additive model and the multiplicative model. In 
other words when two or more defects are present, do their variations add or multiply to 
results in the final observed non-uniformity. Simulated print defect patterns and metrics 
based on the NPS are used to demonstrate the patterns generated by multiplicative and 
additive processes.  These results are compared the noise power spectrum of actual flat-
field prints from digital printers to draw conclusion concerning actual artifact interaction. 
1.6  Organization of the Thesis 
Chapter 2 discusses the experimental setup and modeling of printer artifacts such as 
graininess, streaking, and banding. Chapter 3 presents the discussion of two types of 
interaction models (additive and multiplicative) and analysis for digital printers. Chapter 
4 presents the results and discussions followed by Chapter 5 that presents conclusions 
and directions for future research. 
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CHAPTER 2  
Experiment Setup and Modeling of Printer Artifacts 
ISO (the International Organization for Standardization) and IEC (the International 
Electrical Commission) document 13660 specifies guidelines of image quality on 
hardcopy print quality assessment [2]. These guidelines contain the schema of image 
quality and attributes for two categories of printed areas: Large area density attributes, 
and character and line attributes. This thesis only focuses on the large area density, i.e., 
flat field images which have three dominant printer defects such as graininess, streaking, 
and banding. This chapter introduces the experiment setup for measuring common printer 
defects. The discussion on the overview of data collection is presented in Section 2.1. 
Section 2.2 discusses characterizing defect patterns with parameters estimated from the 2-
D NPS. Finally, Section 2.3 describes the modeling of three printer artifacts with the 
power spectrum density.  
2.1 Data Collections 
The data collection for the printer quality analysis can be explained with the help of a 
flow chart shown in Figure 2.2.     
The general procedure of analysis of printer quality is explained below [3]: 
1. Test patterns are stored in compressed PDF file format download from [4]. Figure 
2.1 shows the one of the test patterns (reduced from actual size). The primary 
content is a 178mm by 211mm flat field region at a specific gray level between 0 
(white) and 100% (black). The purpose of the smaller intensity fields is for 
calibration over the range of luminance values.  From a single print the small area 
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can be used to find the test pattern densities that are closest to CIE L* levels of 40, 
60, and 80.  These test patterns are printed along with the 100%K pattern on the 
printer system to be assessed. In the experiments described in this work, Figure 
2.1 was printed with two inkjet printers and two laser printers.  
 
Figure 2.1 The “W1.1.Macro.K50” (version 4) test pattern, reduced to approximately 
50% size. 
         
2. With 4 printers and 4 prints, a total of 16 hardcopy patterns will be analyzed.  The 
properties of specific printers are shown below in Appendix A.  
3. The target hardcopy images are then mounted on a scanning device, and scanned 
at the multiple resolutions such as 300, 600, 1200, and 1600dpi to find most 
effective resolution for printer defects. Appendix B shows the setup properties of 
the flatbed scanner (Epson 1650). The scanned images are then saved to disk in 
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uncompressed TIFF format. The region of interest (ROI) for analyzing the 
artifacts and the Block Averaging Method (BAM) are presented in Figure 2.3.  
4. Once scanned and saved to disk, the reproduced test targets are read and analyzed 
by 2-D NPS estimates.   
                                      
       Test Target (File)                       Printed Target  
 
 
                                       
Power Spectrum 
Analysis 
Figure 2.2 Overview of print quality analysis with the Matlab software adapted from [3] 
In addition, the drivers, the modes, the substrates and so forth, are kept fixed throughout 
the procedure. It is very important that all test patterns be printed with the exact same 
printer setup, and with the same set of materials (inks, toners, substrates). 2-D NPS shows 
noise spectrum synthesis in frequency domain and its theoretical representation and 
estimation parameters will be introduced in the next Section.    
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2.2 Two-Dimensional Noise Power Spectrum  
The 2-D NPS or the Wiener spectrum [19-29], which is a function that indicates the 
power distribution of random signal as a function of spatial frequency, is introduced for 
analyzing scanned images described in Section 2.1.  The noise power spectrum of a 
stationary signal of the artifact pattern statistics has been applied to the analysis of many 
imaging systems. The NPS plays a central role in the measure of image quality and 
provides the means of characterizing image noise.  
2.2.1 Theoretical Representation 
For two-dimensional isotropic random noise, the NPS of imaging processes is defined for 
stationary processes in terms of the expected value of the squared magnitude of the 
Fourier transform of the random signal. Equation (2-1) is the 2-D Discrete Fourier 
Transform of an analysis window within the ROI of the original image . This is 
denoted by:  
),( yxd
∑ ∑
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where  represents the density deviation from the mean of image at position x 
and y as measured in two dimension with block length  and  which are the 
number of data points in x direction per block and y direction per block. Equation (2-2) is 
the 2-D NPS estimator [21, 25], given by: 
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The mean of the image is subtracted out and the remaining variation is assumed to be a 
wide sense stationary process. K is the number of blocks, and xδ and yδ are the 
sampling increments in the x and y directions, respectively. The algorithm of 2-D NPS in 
this paper used the Block Averaging Method (BAM) for Wiener spectrum estimation as 
shown in Figure 2.3(b) [27]. The BAM partitions the density data (i.e. scanned flat field 
images) into analysis window blocks with 50 % overlapping, and the Discrete Fourier 
Transom of each block is computed by a Matlab program. In addition, all divided blocks 
were tapered with a hanning window for reduce sidelobes [24, 30]. The expectation of 
squared-magnitude Discrete Fourier Transforms (DFTs) of the signal blocks was 
calculated at each frequency to reduce the variance of the estimate.  
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 Figure 2.3 (a) Region of Interest (ROI) for analyzing three artifacts is the square area and 
physical size of the ROI is around 80 * 80 mm (b) The Block Averaging Method (BAM) 
for Wiener Spectrum Estimation [27] of scanned images and dotted squares show the 
50% overlapping. 
 
 
 
 
Block Averaging Method  Power Spectrum 
Analysis  
 80 mm 
 Divide Data into 
Blocks 
ROI 80 mm  
(a) 
Fourier Transform One 
Block (FFT2) 
Modulus Squared 
Estimate 
AVERAGE ESTIMATE 
(b) 
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2.2.2 NPS Estimation Parameters 
Sampling Frequency of the scanned images and Block Size of the NPS estimation are 
critical parameters for proper analysis of the particular printer defect.  The effect of the 
sampling frequency on the NPS will be demonstrated with test pattern of L* levels of 60 
by first laser printer. The most effective sampling frequency will be the lowest rate that 
does not exhibit effects of aliasing. The sampling frequency governs the frequency range 
of the NPS estimation. For example, if the patterns is scanned at 300dpi, the highest 
frequency that will not be aliased is the Nyquist frequency and corresponds to 6 
cycles/mm. Nyqusit frequencies at 6, 12, 24, and 32 cycles/mm correspond to the 
sampling frequencies at 300, 600, 1200, and 1600dpi, respectively. Therefore defect 
patterns with frequency content above these frequencies will be distorted by aliasing.    
The method of finding the most effective sampling frequency for analyzing printer 
defects is determined by comparing the different NPS results. Figure 2.4 presents 2-D 
NPS of the L* 60 sample from “W1.1.Macro.K50” (version 4) test pattern shown in 
Figure 2.1. Distinct feature of the NPS in Figure 2.4 is changed by the sampling 
frequencies. For example, we can see peaks inside ellipses of Figure 2.4(a)-(c) but we 
cannot see their peaks in Figure 2.4(d) (same corresponding frequency region). For 
simplicity and easier observation, the horizontal and vertical profiles of 2-D NPS will 
also be plotted and compared to find aliasing components. 
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(d) 
Figure 2.4 The NPS on -12 to 12 cycles/mm range of Scanned images (ROI) of the test 
pattern from first laser printer using four sampling frequencies of (a) 300dpi, (b) 
600dpi, (c) 1200dpi, and (d) 1600dpi. The physical size of the ROI is around 80 * 80 
mm as mentioned in Figure 2.3(a).   
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The non-aliased features due to the actual printer artifacts are independent of the 
sampling frequencies using 300, 600, 1200, and 1600dpi. For example, in the horizontal 
(fast-scan) direction as shown in Figure 2.5 the line components near 3, 6, 9, 12, 15, and 
18 cycles/mm are independent of the sampling frequencies. However, the line 
components of 2, 4, 5, 10, 11 cycles/mm in the horizontal profile, and 2, 4, 5, 8, 10, 11, 
16, 19 cycles/mm in the vertical profile change with the sampling frequencies and are 
therefore assumed to be due to aliasing. So sampling frequencies of 300dpi, 600dpi, and 
1200dpi result in the aliasing components in both of horizontal and vertical direction, and 
the sampling frequency of 1600dpi is most effective for the frequency range of interest. It 
is reasonable to choose sampling frequency of 1600dpi not only without aliasing but also 
efficient number of data points for analyzing the artifacts. 
Humans cannot perceive frequencies above 10 cycles/mm at a 35 cm viewing distance 
[17, 46]. Even though a sampling frequency of 1600dpi far exceed that, i.e., Nyquist 
frequency is a 32 cycles/mm, the higher rate will ensure that higher frequency 
components of the artifact do not alias back in to the visible range. In addition, the 
analyzed range will depend on the modulate transfer function (MTF) of considered 
scanner. 
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(b) 
Figure 2.5 (a) The horizontal (fast-scan) direction and (b) the vertical (slow-scan) 
direction of 2D NPS in Figure 2.4. 
Result of 
aliasing 
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The other estimation parameter of the NPS is the block size. The NPS shown in Figure 
2.4 used a 20mm block size, which is one fourth of ROI. The appropriate block size is 
critical for obtaining the best power spectrum resolution particularly at lower frequencies 
with sufficient averaging (i.e. smaller block sizes allow for more averages but less 
frequency resolution). The ROI size is 80mm, and the four different block sizes were 
chosen, these are 80/2 (40mm), 80/4 (20mm), 80/8 (10mm), and 80/16 (5mm). Defect 
patterns must be consistently present in the ROI (if it is periodic or quasi-periodic).  The 
block must be large enough to contain full periods of the defect oscillations, while small 
enough to result in enough averages to reduce noise fluctuation. Therefore, if we choose 
the large block size, the power spectrum has high resolution and more detail results, at 
the expense of more noise in the power spectrum estimation. 
The selection of optical block size depends on the particular printer defects of 
interest. The most hard copy images scanned for this experiment had artifacts exhibiting 
full dynamics within a 20mm window. In addition, the resolution from 5 to 20 improves 
while the noise power content does not increase significantly. In particular in going from 
20 to 40 the resolution does not improves significantly while the noise power content 
increases significantly. Therefore, the analysis block size of one-fourth the ROI (20mm) 
was chosen with a 50 % overlapping to reduce noise fluctuation. The noise power spectra 
for various block sizes are shown in Figure 2.6.  
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(d) 
Figure 2.6 The 2-D NPS of four different analysis block sizes such as (a) 5mm (b) 
10mm (c) 20mm (d) 40mm 
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2.2.3 Modulate Transfer Function (MTF) of the Scanner 
Our goal is to get a MTF; however getting a true impulse signal is difficult since we have 
to crate a dot smaller than the system resolution and strong enough that it exceeds the 
sensitivity of the system. If we don’t know a lot about the system beforehand, this cannot 
be done practically. So we will obtain a step response and take the derivative of that to 
get an impulse response. We use a circle because we can effectively get a step signal with 
any orientation.  
For example, we create the small dot on the white paper of 1-inch size and the dot was 
scanned with 1600dpi resolution using a flatbed scanner. Figure 2.7 shows the steps of 
getting MTF of the scanner. With a horizontal profile firstly, the profile was 
differentiated by given in Equation (2-3), and convolved with same profile in shown as 
Figure 2.7 (c)-(d) because we want to compare MTF with power spectrum.  
)()( t
dt
tdU δ=   (2-3) 
The ellipse of Figure 2.7 (d) is the point spread function (PSF) of the horizontal profile as 
same as Figure 2.7 (e). In addition, the PSF is the output of the image system for an input 
point source. Finally, we can find the MTF of the scanner by the Fourier transform of the 
PSF. Furthermore; we did same steps for getting the vertical and diagonal MTF of 
scanner. The horizontal MTF and all different MTF of scanner are shown in Figure 2.7 
(f) and (g), respectively. We can use this to also discuss the spectral shape due to the 
MTF of the scanner.   
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(g) 
Figure 2.7 (a) scanned dot of 1 inch size (b) the horizontal profile of the scanned dot at 
the vertical center point (c) differentiated horizontal profile (d) convolved horizontal 
profile by the same profile (e) the PSD of the horizontal profile (f) the MTF of the 
horizontal profile (g) three profile MTF of the scanner 
 
 
 
 
2.3 Modeling of Printer Artifacts 
The NPS is an analysis tool for the printer artifacts on the spectral domain. All three 
types of isotropic noise (graininess), streaking, and banding noise are most obvious in 
slowly varying areas of an image, especially flat-field image. Each of these types of 
artifact will be described and generated based on their description in several references 
[1, 2, 21, 31, 36, 41].   
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2.3.1 Grain defect Description and Generation 
Grain defect or graininess defined at International Standard ISO/IEC document 13660 is 
perceived two-dimensional, generally random, and aperiodic fluctuations of density at a 
spatial frequency greater than 0.4 cycles per millimeter in all directions [2]. In addition, 
graininess artifact, such as that caused by film grain, produces a speckled appearance 
because the density fluctuations are random in both spatial dimensions [1]. Figure 2.8, 
adapted from [1, 2] is shown the example of general graininess in space and spectral 
domain. The origin of Figure 2.8(b) located in the center of the area shown, and this noise 
is broadband in nature and rotationally symmetric. 
 
(a) 
 
(b) 
Figure 2.8 (a) Graininess adapted from [2] in space domain (b) 2-D NPS for graininess 
noise adapted from [1] in spectral domain 
Slope 
The graininess of a spatial frequency was assumed from 0.4 to a 10 cycles/mm, which is 
known human visual spectral limit at a 35 cm viewing distance [17, 46]. With a specific 
spatial frequency from 0.4 to 10 cycles/mm, the graininess will be simulated from its 
natural characteristic. 
Many phenomena can be classified as scale-invariant noise having the general spectral 
form defined by Equation (2-4) [31-35]. The noise power spectrum N, of spatial 
frequency f in cycles per mm will be: 
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αf
fN 1)( =   (2-4) 
The value of α  is the parameter of grain defect for simulating the defect generated by 
printer systems and the other words; it is the spectral slope on a log-log scale of 
graininess. If the slope is steep (large negativeα ), the variation of graininess in space 
domain changes slowly, i.e., the grain defect has most low frequency defects. Otherwise, 
the grain defect has high frequency components. The graininess pattern was simulated by 
passing white Gaussian noise through a filter with a spectrum, which is given by 
Equation (2-4). Simulated spectrum with a log-log scale in all directions was used 
negative slope values, which obtained from the real profiles of 2D NPS. 
The same pattern, which is the “W1.1.Macro.K50” (version 4) test pattern as shown in 
Figure 2.1 used to simulate the graininess, and other test patterns also follow this steps in 
the next chapter. The pattern was printed by the first laser printer, and scanned by 
suggested sampling resolution such as 1600dpi. Figure 2.9(a) shows the scanned test 
pattern of one block size. Furthermore, the 2D NPS of the test pattern produced by the 
suggested block size in the previous section as shown in Figure 2.9(b). The 2D NPS of 
the Figure 2.9(b) is same as the Figure 2.6(c). The x- and y-axes of 2-D NPS are spatial 
frequency in cycles per mm and z-axis is NPS density in dB.  
The diagonal profile used to get the slope of graininess because streaking and banding 
artifacts typically exist only on the horizontal or vertical spectral axes. In this section, we 
only focus on the diagonal profile. In addition, streaking and banding artifacts are 1D 
random and periodic noise, respectively, and their description and generation follow in 
the next sections. 
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Figure 2.9(c) shows the diagonal deconvolved NPS obtained by dividing of the 
diagonal MTF and the NPS is a function of frequency on a log-log scale. The fitted line 
generated between 0.4 and 10 cyc/mm. Furthermore, the general frequency pattern in this 
plot is a line with a negative slope, implying that the NPS is inversely proportional to the 
frequency. 
K50
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(c) 
Figure 2.9 (a) Scanned K50 test pattern (b) 2-D NPS of the “W1.1.Macro.K50” by first 
laser printer using suggested NPS estimation parameters (c) the fitted line between 0.4 
and 10 cyc/mm. 
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We found the slope of graininess (α ), and the value will be the parameter of simulated 
graininess. As we mentioned before, the graininess pattern was simulated by passing 
white Gaussian noise through a filter with slope parameter of -1.1278 (circularly 
symmetric over all orientations). The graininess was simulated with same analysis block 
size because we can only analyze the defects in the analysis block size, and four different 
amplitudes as shown in Figure 2.10(a). 2D NPS of simulated graininess and the diagonal 
profile represent in the Figure 2.10(b) and (c). In addition, we can check the slope of 
graininess in the diagonal profile. It will be identified to simulate graininess artifact of 
other test patterns in the next chapters. Appropriate amplitude will also be adopted to find 
the better model. 
amplitude 10 amplitude 20
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(c) 
Figure 2.10 (a) Simulated graininess with four different amplitudes (b) 2D NPS of 
simulated graininess (c) the diagonal profile of simulated graininess 
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2.3.2 Streaking defect Description and Generation 
Streaking defect can be characterized by a 1/f noise frequency spectrum similar to grain 
defect, except without circular symmetry. The isotropic noise (graininess) is random with 
equal variance in both spatial frequency directions as shown in Figure 2.8(b), but 
streaking is a random noise in one direction but deterministic (or less random, tighter 
variance) in the other.  It is illustrated in Figure 2.11 [1, 36].  
  
    
  
(a) 
Random 
Deterministic 
Slope 
 
 
(b) 
 
Figure 2.11 Streaking defect a) adapted from [36] in space domain (top) and horizontal 
profile (bottom) (b) 2-D NPS for streaking noise adapted from [1] in spectral domain. 
Deterministic
Random
The streaking defect is anisotropic and primarily exists only on the horizontal and/or 
vertical axis, for example, Figure 2.11(a) shows that the density varies in the horizontal 
direction randomly and in the vertical direction constantly. This is called vertical 
streaking. In addition, the trend of the spectrum for random streaking is roughly linear 
only on the horizontal and/or vertical axis [37]. Though the spectral range of the linear 
pattern is not known, we assume the range of linear trend at the horizontal and vertical 
profiles. In this specific example, we chose the range of streaking between 0.4 and 2 
cycles/mm as shown in Figure 2.12. The comparison of the horizontal or vertical profile 
with the diagonal profile indicates how much streaking exists. Figure 2.12 shows 
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horizontal and vertical profile with streaking fitted line and granularity fitted line. The 
granularity fitted line is same as the Figure 2.9(c). Each horizontal and vertical profile has 
more energy than diagonal profile, indicating the presence of a streaking component in 
the artifacts. With the values of VSαHSα and , random streaking was simulated with 
four different amplitudes and presented in the Figure 2.13. In addition, the slope of 
vertical profile ( VSα HSα= -0.9771) is steeper than the slope of horizontal profile ( = -
0.5173). Therefore, vertical streaking changes more slowly (thicker streaks) along the 
horizontal direction as shown in Figure 2.13(b). In next chapter, other random streaking 
from different densities and different printer technologies will be simulated with their 
own trend.       
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(b) 
Figure 2.12 (a) Horizontal deconvolved NPS, horizontal fitted line, and granularity 
fitted line (b) Vertical deconvolved NPS, vertical fitted line, and granularity fitted line 
 
Amplitude 1 Amplitude 5
Amplitude 10 Amplitude 20
 
(a) 
 33
Amplitude 1 Amplitude 5
Amplitude 10 Amplitude 20
HS
 
(b) 
Figure 2.13 (a) Simulated horizontal streaking using α  = -0.5173 with four different 
amplitudes (b) Simulated vertical streaking using VSα  = -0.9771 with four different 
amplitudes 
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2.3.3 Banding defect Description and Generation 
Banding is often the most objectionable type of noise. It is characterized by periodicity in 
one direction and constant in the other direction. Its NPS exists only at the frequency of 
the periodic variation, and Figure 2.14 shows the only one type of banding in the x 
direction in assumed as  [1, 21, 36, 41-45]. )(xbx
 
 
Fig. 2.14: a) Banding adapted from [36] in space 
domain (top) and horizontal profile (bottom) 
 
 
Fig. 2.14: b) Two-dimensional NPS for isotropic 
noise adapted from [1] in spectral domain 
 
Figure 2.14 Banding defect adapted from [1, 36] 
Similarly,  is a one-dimensional zero mean periodic function representing the 
banding in the y direction. The following model assumed to be characterized as the 
banding [21]: 
)(yby
)2cos()( i
i
iix xvaxb φπ += ∑  
)2cos()( j
j
jjy yvayb φπ += ∑  
(2-5) 
where , v , and ia i iφ  are the amplitude, spatial frequency and phase of the  component 
in the x direction, and a , v , and 
thi
j j jφ  are the amplitude, spatial frequency and phase of 
Deterministic 
Periodic
Deterministic 
Periodic 
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the  component in the y direction, respectively. In addition, considering the Fourier 
transform of Equation (2-5) with ignoring the phase angles 
thj
 and : iφ jφ
[ ]∑ −++⎟⎠⎞⎜⎝⎛= i yixyixixx vvvvvvavB )()()()(21)( δδδδ  
[ ]∑ −++⎟⎠⎞⎜⎝⎛= j xjyxjyjyy vvvvvvavB )()()()(21)( δδδδ
y
)(xbx
 
(2-6) 
The one-dimensional periodic components such as horizontal banding,b  and vertical 
banding,  generate a series of delta function along the x and y direction as shown in 
the Equation (2-6). Therefore, the banding is observed along these axes and the two-
dimensional NPS of a banding defect has power along the axis of periodic variation at a 
fundamental frequency and its harmonics (2x the fundamental frequency, 3x the 
fundamental frequency, etc), as shown in Figure 2.14(b). In Figure 2.15, we can find the 
fundamental frequency of real noise spectrum in the x and y direction, that is around 1.3 
cycles/mm. In addition, the periodic peaks such as 3, 6, 9, 12, 15, and 18 cycles/mm is 
not the banding defect but halftone screen frequencies as mention in previous section. 
Figure 2.15(a) represents horizontal and vertical deconvolved NPS using the NPS and 
frequency of log – log scale and Figure 2.15(b) is the same profile except log – linear 
scale and the range of frequency. Vertical banding has more energy than horizontal 
banding, and the vertical banding is clearly visible on the hardcopy image. Halftone 
frequencies have a lot of energy and especially horizontal halftone frequencies have more 
energy than vertical halftone because horizontal halftoning is not relative to the banding 
defect and vertical halftoning does. In other word, we can see the multiplicative 
components between the banding defect at 1.3 cycles/mm and halftoning at 6 and 12 
)(y
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cycles/mm along with vertical profile. Though a halftoning is beyond concept of this 
paper, but we can consider with banding defects. Simply, this specific laser printer have 
multiplicative component between halftoning and banding defects. We can also simulate 
any banding defect if we find the fundamental frequencies from NPS and their harmonic 
energy distribution. 
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(b) 
Figure 2.15 (a) Horizontal and vertical deconvolved NPS using the NPS and frequency 
of log – log scale (b) Same profile as (a) using log – Linear scale. The image at left-
bottom corner is real scanned image with 1mm*1mm block size.  
 
However, NPS only analyze the analysis block that is smaller than our ROI. For 
simulating banding defect, we better choose the Spectral Autocorrelation Function (SAF) 
than NPS. Figure 2.16 shows the procedures for simulating the banding artifact by SAF. 
First, the 1D profile is made from 2D scanned image by average. We can average 
horizontal or vertical direction for horizontal banding or vertical banding, respectively. 
Second, 1D vertical profile, i.e. , taken the discrete Fourier transform (DFT) such 
as  and we take just the positive half of  for and 
)(
~
yI m
)( fIM
∧
0>f)( fIM∧
2
sff < . The 
Equation (2-7) shows the SAF. 
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(2-7) 
Note for a stationary random process  is equivalent to the Power Spectral Density 
(PSD), which is the average power of the stationary random process, expressed as a 
function of frequency. In addition, we can find the fundamental frequency and its 
harmonics until fourth harmonics along to the SAF profile as shown in Figure 2.16(f). 
The filtered profile was taken Inverse Fourier transform to get 1D banding profile. 
Finally, Figure 2.16(i) shows the 2D simulated banding artifacts with four different 
amplitudes and adds to mean value of real scanned image. The simulated image size is 
the same as the analysis block size, which is one of fourth of ROI.  
)0(SAF
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(i) 
Figure 2.16 The procedures for simulating the banding artifacts 
(a) Scanned K50 pattern (b) 1mm size of scanned K50 pattern (c) Averaged vertical 
profile (d) 1D discrete Fourier transform (DFT) of averaged vertical profile (e) 
Normalized Autocorrelation of 1D DFT (f) Filtered Autocorrelation at 1.3 cyc/mm and 
harmonics (g) IFFT of banding at 1.3 cyc/mm and harmonics (h) Same profiles as (c) 
except the range to compare with (g); (i) Simulated vertical banding with four different 
amplitudes 
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CHAPTER 3  
Comparison of Additive Model and Multiplicative Model 
The primary goal of this thesis is to find the relationship of the interactions between real 
printer defects such as graininess, streaking, and banding. The suggested models are the 
additive and multiplicative interaction. The NPS of real printer flat field output will be 
the potential characterization tool of our analysis and ultimately compared to interaction 
of the simulated printer defects, where the model for the interaction is known. In other 
words, the interaction of each defect will be compared with real NPS for reference to find 
which model is more appropriate than the other. The measurement technique and the 
quantities involved in the measurement formulas will be explained in depth in the 
Chapter 3. Section 3.1 discusses the additive model and multiplicative model of printer 
defects. Section 3.2 indicates the parameter values of graininess and streaking for 
simulating these defects as well as the real NPS of four different density patterns from 
four different printers.  
3.1 Additive Model and Multiplicative Model 
The simplest assumption is that two-dimensional random noise (graininess), streaking, 
and banding components are additively superimposed [21]. Equation (3-1) is the simplest 
assumption of additive model, given by: 
)()()()(),(),( 2 ybxbysxsyxgdyxd yxyxD +++++=
),( yxd ),(2 yxD
, (3-1) 
where  represents a two-dimensional data trace across a flat field, g  is a 
two-dimensional zero mean stationary random process representing the image 
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granularity,  and  are one-dimensional zero mean stationary random 
processes representing the streaking in the x and y direction, respectively, and b  and 
 are one-dimensional zero mean periodic functions representing the banding in the 
x and y directions, respectively.  
)(xsx )(ysy
)(xx
)(yby
Second assumption is whether the multiplicative component of each printer defect exists 
on the real NPS. Equation (3-2) is the simplest assumption of multiplicative model of 
graininess, streaking, and banding given by: 
BSGBSdBGdSGd
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 (3-2) 
This multiplicative equation also has an additive equation and the multiplicative values of 
three artifacts. Therefore, if we find the multiplicative values in the real PSD, we can 
conclude the multiplicative model is more realistic to the real data. Otherwise, an additive 
model is more realistic to the real data. For simplicity, we analyzed two defects of 
graininess, streaking, and banding to find their interaction. For examples, we analyzed the 
graininess and streaking, graininess and banding, and banding and streaking.     
Before we apply for the additive model and multiplicative model by given in Equations, 
following section discusses the parameter values of graininess and streaking and the real 
NPS of four different printers. In addition, with 4 printers (2 Laser printers and 2 Inkjet 
printers) and 4 prints (K20, K50, K80, and K100), a total of 16 hardcopy patterns will be 
analyzed as mention in Chapter 2.  
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3.2 Analysis for Digital Printers 
This section focuses on the NPS of actual flat-field prints from digital printers that are 
two laser printers and two inkjet printers. Like the same method to simulate three printer 
defects in section 2.3, we will find the parameter values of grain defects from diagonal 
spectral axis of all real noise power spectra. All streaking defects will be simulated by the 
parameters from the horizontal and/or vertical axis. In addition, banding defects can be 
simulated by the fundamental frequencies and their harmonic distribution though we did 
not mention in this section. 
3.2.1 Analysis for First Laser Printer 
Three printer defects in four different density patterns, i.e., K20, K50, K80, and K100, 
from first laser printer can be simulated if we find their parameter values that are 
mentioned in the modeling of printer artifacts. Figure 3.1 shows the 2D NPS of four 
patterns from first laser printer and each NPS will be compared to simulated NPS by 
additive and multiplicative interaction in next chapter. Intuitively, the NPS of these actual 
flat-field prints have graininess, a little vertical streaking, one horizontal banding at 1.3 
cycles/mm, and dominant halftone components. The energy of horizontal or vertical 
streaking on the NPS of K20 test pattern is almost zero. In other words, there does not 
exist streaking defect on this test pattern. Therefore, we do not need to analyze the 
relationship between streaking and graininess or between streaking and banding with K20 
test pattern. 
We can see the graininess, vertical streaking, and horizontal banding defect on the K50, 
K80, and K100 flat-field prints. Figure 3.2, 3.3, 3.4, and 3.5 represent three profiles of 
K20, K50, K80, and K100, respectively. The difference of left and right in Figure 3.2, 
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3.3, 3.4, and 3.5 is the range of the graininess and streaking fitted lines, which are the 
spectral slope on a log-log scale of graininess and streaking defects. Grain defect or 
graininess defined at International Standard ISO/IEC document 13660 is perceived two-
dimensional, generally random, and aperiodic fluctuations of density at a spatial 
frequency greater than 0.4 cycles per millimeter in all directions [2]. However, the 
graininess of K100 flat-field print in Figure 3.5(a) does not follow this definition. 
Therefore, the frequency greater than 1.3 cycs/mm used for the graininess in the first 
laser printer. The spectral slopes on log-log scale of graininess and streaking defects are 
presented in Table 3.1, and the spectral ranges of graininess and streaking are from 1.3 to 
10 cyc/mm. 
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(d) 
Figure 3.1 (a) 2D NPS of K20 test pattern (b) 2D NPS of K50 test pattern (c) 2D NPS 
of K80 test pattern (d) 2D NPS of K100 test pattern from first laser printer 
 45
10
-1
10
0
10
1
-40
-30
-20
-10
0
10
20
30
40
Frequency - Log10 (cycles/mm)
N
P
S
 (d
B
)
20
Diagonal Deconvoluted NPS
Granularity Fitted line ( 0.4 to 10 cyc/mm)
10
-1
10
0
10
1
-40
-30
-20
-10
0
10
20
30
40
Frequency - Log10 (cycles/mm)
N
P
S
 (d
B
)
20
Diagonal Deconvoluted NPS
Granularity Fitted line ( 1.3 to 10 cyc/mm)
(a) 
10
-1
10
0
10
1
-40
-30
-20
-10
0
10
20
30
40
Frequency - Log10 (cycles/mm)
N
P
S
 (d
B
)
20
Horizontal Deconvoluted NPS
Vertical Streaking Fitted line ( 0.4 to 3 cyc/mm)
Granularity Fitted line ( 0.4 to 10 cyc/mm)
10
-1
10
0
10
1
-40
-30
-20
-10
0
10
20
30
40
Frequency - Log10 (cycles/mm)
N
P
S
 (d
B
)
20
Horizontal Deconvoluted NPS
Vertical Streaking Fitted line ( 1.3 to 10 cyc/mm)
Granularity Fitted line ( 1.3 to 10 cyc/mm)
(b) 
10
-1
10
0
10
1
-40
-30
-20
-10
0
10
20
30
40
Frequency - Log10 (cycles/mm)
N
P
S
 (d
B
)
20
Vertical Deconvoluted NPS
Horizontal Streaking Fitted line ( 0.4 to 3 cyc/mm)
Granularity Fitted line ( 0.4 to 10 cyc/mm)
10
-1
10
0
10
1
-40
-30
-20
-10
0
10
20
30
40
Frequency - Log10 (cycles/mm)
N
P
S
 (d
B
)
20
Vertical Deconvoluted NPS
Horizontal Streaking Fitted line ( 1.3 to 10 cyc/mm)
Granularity Fitted line ( 1.3 to 10 cyc/mm)
(c) 
Figure 3.2 (a) The granularity fitted line on the Diagonal profile (b) Comparison of vertical 
streaking and granularity fitted lines on the Horizontal profile (c) Comparison of horizontal 
streaking and granularity fitted lines on the Vertical profile of K20 test pattern  
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Figure 3.3 (a) The granularity fitted line on the Diagonal profile (b) Comparison of vertical 
streaking and granularity fitted lines on the Horizontal profile (c) Comparison of horizontal 
streaking and granularity fitted lines on the Vertical profile of K50 test pattern  
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Figure 3.4 (a) The granularity fitted line on the Diagonal profile (b) Comparison of vertical 
streaking and granularity fitted lines on the Horizontal profile (c) Comparison of horizontal 
streaking and granularity fitted lines on the Vertical profile of K80 test pattern 
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Figure 3.5 (a) The granularity fitted line on the Diagonal profile (b) Comparison of vertical 
streaking and granularity fitted lines on the Horizontal profile (c) Comparison of horizontal 
streaking and granularity fitted lines on the Vertical profile of K100 test pattern 
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3.2.2 Analysis for Second Laser Printer 
Three printer defects will be simulated as same methods that we explained in previous 
section. The 2D NPS of four patterns from second laser printer is shown as in Figure 3.6, 
and each NPS will be compared to simulated NPS by additive and multiplicative 
interaction in next chapter. Though halftone components exist on the real NPS, the 
periodic peak components (halftoning) are not concerned in this thesis. In addition, we 
cannot find the banding defect in these examples of second laser printer, so the 
relationship of the graininess and streaking only analyzed in the second laser printer.   
The range of graininess of actual flat-field prints from second laser printer exactly 
follows the definition [2] and random streaking is roughly linear only on the horizontal 
and/or vertical axis [37]. Though we do not know the upper spectral range of random 
streaking, we assume the range of linear trend at the horizontal and vertical profiles. 
Therefore, it is reasonable for streaking range to choose between 0.4 and 3 cycles/mm in 
the specific examples of the second laser printer. 
Figure 3.7, 3.8, 3.8, and 3.10 show the diagonal, horizontal, and vertical profile with 
streaking fitted line and granularity fitted line. These test patterns have a few energy of 
random streaking in both directions. However, we will analyze the relationship of the 
graininess and vertical streaking in next chapter because the slope of horizontal streaking 
more close to zero, which means the white noise not horizontal streaking. The spectral 
slopes on log-log scale of graininess and streaking defects are presented in Table 3.2. In 
addition, the spectral range of graininess is from 0.4 to 10 cyc/mm and the range of 
streaking is from 0.4 to 3 cyc/mm. 
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(d) 
Figure 3.6 (a) 2D NPS of K20 test pattern (b) 2D NPS of K50 test pattern (c) 2D NPS 
of K80 test pattern (d) 2D NPS of K100 test pattern from second laser printer 
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(c) 
Figure 3.7 (a) The granularity fitted line on the Diagonal profile (b) Comparison of 
vertical streaking and granularity fitted lines on the Horizontal profile (c) Comparison 
of horizontal streaking and granularity fitted lines on the Vertical profile of K20 test 
pattern 
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(c) 
Figure 3.8 (a) The granularity fitted line on the Diagonal profile (b) Comparison of 
vertical streaking and granularity fitted lines on the Horizontal profile (c) Comparison 
of horizontal streaking and granularity fitted lines on the Vertical profile of K50 test 
pattern 
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(c) 
Figure 3.9 (a) The granularity fitted line on the Diagonal profile (b) Comparison of 
vertical streaking and granularity fitted lines on the Horizontal profile (c) Comparison 
of horizontal streaking and granularity fitted lines on the Vertical profile of K80 test 
pattern 
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(c) 
Figure 3.10 (a) The granularity fitted line on the Diagonal profile (b) Comparison of 
vertical streaking and granularity fitted lines on the Horizontal profile (c) Comparison 
of horizontal streaking and granularity fitted lines on the Vertical profile of K100 test 
pattern 
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3.2.3 Analysis for First Inkjet Printer 
This section discusses the 2D NPS of four different density patterns, i.e., K20, K50, K80, 
and K100, from first inkjet printer. The 2D NPS of four patterns is shown as Figure 3.11, 
and these NPS will be compared to additive NPS and multiplicative NPS of simulated 
defects. In these examples, graininess, horizontal banding, and horizontal streaking exist 
on the hardcopy targets. The periodic peak component (halftoning) of inkjet printer is not 
clear than the halftoning of laser printers, and we will not concern halftoning components 
in this thesis because halftoning components are not printer defect.  
Figure 3.12, 3.13, 3.14, and 3.15 show the horizontal, vertical, and diagonal profiles of 
the four different NPS with the graininess and streaking fitted lines. In vertical profile, 
the energy of horizontal streaking much larger than the energy of graininess in the 
diagonal profile, but the energy of vertical streaking is almost same as the graininess. 
Therefore, we assume that there is not vertical streaking in these test targets. The spectral 
slopes on log-log scale of graininess and streaking defects are presented in Table 3.3. In 
addition, the spectral range of graininess is from 0.4 to 12 cyc/mm and the range of 
streaking is from 0.4 to 3 cyc/mm. For graininess fitted line, the highest frequency is a 12 
cyc/mm because this value makes better slope line than to use a 10 cyc/mm in actual flat-
field prints from first inkjet printer. 
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(d) 
Figure 3.11 (a) 2D NPS of K20 test pattern (b) 2D NPS of K50 test pattern (c) 2D NPS 
of K80 test pattern (d) 2D NPS of K100 test pattern from first inkjet printer 
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(c) 
Figure 3.12 (a) The granularity fitted line on the Diagonal profile (b) Comparison of 
vertical streaking and granularity fitted lines on the Horizontal profile (c) Comparison 
of horizontal streaking and granularity fitted lines on the Vertical profile of K20 test 
pattern 
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(c) 
Figure 3.13 (a) The granularity fitted line on the Diagonal profile (b) Comparison of 
vertical streaking and granularity fitted lines on the Horizontal profile (c) Comparison 
of horizontal streaking and granularity fitted lines on the Vertical profile of K50 test 
pattern 
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(c) 
Figure 3.14 (a) The granularity fitted line on the Diagonal profile (b) Comparison of 
vertical streaking and granularity fitted lines on the Horizontal profile (c) Comparison 
of horizontal streaking and granularity fitted lines on the Vertical profile of K80 test 
pattern 
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(c) 
Figure 3.15 (a) The granularity fitted line on the Diagonal profile (b) Comparison of 
vertical streaking and granularity fitted lines on the Horizontal profile (c) Comparison 
of horizontal streaking and granularity fitted lines on the Vertical profile of K100 test 
pattern 
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3.2.4 Analysis for Second Inkjet Printer 
The approach method is exactly same as previous sections, and this case also discusses 
about four different density patterns, i.e., K20, K50, K80, and K100. Figure 3.16 shows 
the 2D NPS of four patterns from second inkjet printer and each NPS will be compared to 
additive NPS and multiplicative NPS of two defects in Chapter 4. Though halftone 
components exist on the real NPS, we will not concern the periodic peak components 
(halftoning). In addition, we cannot see the banding defect in these specific examples, so 
the relationship of the graininess and streaking only analyzed in the second inkjet printer.  
We also use the same range of linear trend at the horizontal and vertical profiles from 0.4 
to 3 cycles/mm in the specific examples of the second inkjet printer. 
Figure 3.17, 3.18, 3.19, and 3.20 represent the diagonal, horizontal, and vertical profile 
with streaking fitted line and granularity fitted line. Though these test patterns have a few 
energy of random streaking in both directions, horizontal streaking will be analyzed in 
next Chapter. The spectral slopes on log-log scale of graininess and streaking defects are 
presented in Table 3.4. In addition, the spectral range of graininess is from 0.4 to 10 
cyc/mm and the range of streaking is from 0.4 to 3 cyc/mm. 
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(d) 
Figure 3.16 (a) 2D NPS of K20 test pattern (b) 2D NPS of K50 test pattern (c) 2D 
NPS of K80 test pattern (d) 2D NPS of K100 test pattern from second inkjet printer 
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(c) 
Figure 3.17 (a) The granularity fitted line on the Diagonal profile (b) Comparison of 
vertical streaking and granularity fitted lines on the Horizontal profile (c) Comparison 
of horizontal streaking and granularity fitted lines on the Vertical profile of K20 test 
pattern 
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(c) 
Figure 3.18 (a) The granularity fitted line on the Diagonal profile (b) Comparison of 
vertical streaking and granularity fitted lines on the Horizontal profile (c) Comparison 
of horizontal streaking and granularity fitted lines on the Vertical profile of K50 test 
pattern 
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(c) 
Figure 3.19 (a) The granularity fitted line on the Diagonal profile (b) Comparison of 
vertical streaking and granularity fitted lines on the Horizontal profile (c) Comparison 
of horizontal streaking and granularity fitted lines on the Vertical profile of K80 test 
pattern 
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(c) 
Figure 3.20 (a) The granularity fitted line on the Diagonal profile (b) Comparison of 
vertical streaking and granularity fitted lines on the Horizontal profile (c) Comparison 
of horizontal streaking and granularity fitted lines on the Vertical profile of K100 test 
pattern  
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Table 3.1: The spectral slopes on log-log scale of graininess and streaking defects from 
First Laser Printer. The spectral ranges of graininess and streaking are from 1.3 to 10 
cyc/mm. 
 
 Graininess Vertical Streaking Horizontal Streaking 
K20 -1.2349 -0.7720 1.1491 
K50 -1.4805 -0.9405 0.8573    
K80 -1.5661 -1.3452 1.0321    
K100 -1.2218 -0.6631 0.2504    
 
 
Table 3.2: The spectral slopes on log-log scale of graininess and streaking defects from 
Second Laser Printer. The spectral range of graininess is from 0.4 to 10 cyc/mm and 
the range of streaking is from 0.4 to 3 cyc/mm. 
 
 Graininess Vertical Streaking Horizontal Streaking 
K20 -1.0255 -1.2861 -0.1913 
K50 -0.9763 -0.6703 -0.2756 
K80 -0.8951 -0.3571 -0.4003 
K100 -0.5922 -0.1916 0.0342 
 
 
Table 3.3: The spectral slopes on log-log scale of graininess and streaking defects from 
First Inkjet Printer. The spectral range of graininess is from 0.4 to 12 cyc/mm and the 
range of streaking is from 0.4 to 3 cyc/mm. 
 
 Graininess Vertical Streaking Horizontal Streaking 
K20 -0.5898 -0.0711 -0.8501 
K50 -0.6693 -0.9119 -1.1677 
K80 -0.9201 -0.6285 -0.4457 
K100 -1.2532 -0.5292 -1.4056 
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Table 3.4: The spectral slopes on log-log scale of graininess and streaking defects from 
Second Inkjet Printer. The spectral range of graininess is from 0.4 to 10 cyc/mm and 
the range of streaking is from 0.4 to 3 cyc/mm. 
 
 Graininess Vertical Streaking Horizontal Streaking 
K20 -0.6551 -0.5920 0.0322 
K50 -0.6779 0.2795    -1.5439 
K80 -0.6920 -0.0544 -0.7566 
K100 -0.6510 -1.0611 -1.4105 
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CHAPTER 4  
Results and Discussions 
This chapter presents and discussed the results obtained from the additive test and 
multiplicative tests for graininess, streaking, and banding interactions. Section 4.1 
presents additive and multiplicative results of graininess and streaking artifacts as well as 
the 2D real NPS from four different digital printers. These results are compared the NPS 
of actual flat-field prints from digital printers to draw conclusion actual artifact 
interaction. Section 4.2 provides the additive and multiplicative results of graininess and 
banding artifacts and these results are also compared the NPS of actual flat-field prints 
from digital printers. The results of banding and streaking artifacts are discussed in 
Section 4.3. 
4.1 Additive and Multiplicative Results of Graininess and Streaking 
This section only focuses on the relationship of graininess and streaking artifacts from 
four different digital printers. We simulated each graininess and streaking artifacts from 
four different densities such as K20, K50, K80, and K100 test prints of each digital 
printer. Figure 4.1, 4.2, and 4.3 show the real NPS at the top (a), horizontal profiles of 
real NPS, additive, and multiplicative results at the top (b), additive image in space 
domain at the left of middle (c), additive NPS at the right of middle (c), multiplicative 
image in space domain at the left of bottom (d), and multiplicative NPS at the right of 
bottom (d) of simulated graininess and vertical streaking artifacts from first laser printer 
with appropriate amplitudes. The shape of graininess in multiplicative model has moved 
to the streaking region of simulated NPS. However, the graininess of real NPS does not 
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change their shape, and it looks more obvious that the horizontal profiles of the additive 
model more close to the real horizontal profiles. Therefore, the interaction of the 
graininess and streaking artifacts of first laser printer is more appropriate additive than 
multiplicative relationship. 
The NPS of additive and multiplicative results of graininess and vertical streaking with 
appropriate amplitudes represent in Figure 4.4, 4.5, 4.6, and 4.7, respectively. As similar 
to the results of the first laser printer, the graininess of real NPS has not affect on the 
streaking, and it is obvious that vertical streaking is independent to the graininess of the 
second printer. Therefore, the interaction of the graininess and streaking of second laser 
printer is more appropriate additive than multiplicative relationship. 
Figure 4.8, 4.9, 4.10, and 4.11 present the NPS of additive and multiplicative results of 
graininess and horizontal streaking with appropriate amplitudes for the first inkjet printer. 
Though horizontal banding defect at low frequency seems like to horizontal streaking, we 
assume the component over the 0.4 cyc/mm is the horizontal streaking. The shape of 
graininess in multiplicative model of the K20 test pattern has moved to the streaking 
region of simulated NPS. In other patterns of the multiplicative model, the streaking has 
been reduced by the graininess artifact. However, the graininess of real NPS does not 
change their shape, and it looks more obvious that horizontal streaking is not depends on 
the graininess. Therefore, the interaction of the graininess and streaking artifacts of first 
inkjet printer is more appropriate additive than multiplicative relationship. 
Figure 4.12, 4.13, 4.14, and 4.15 present the NPS of additive and multiplicative results of 
graininess and horizontal streaking with appropriate amplitudes for the second inkjet 
printer. As similar to the results of the first inkjet printer, the graininess of real NPS has 
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not affect on the streaking, and it is obvious that horizontal streaking artifact is 
independent to the graininess of the second inkjet printer. Therefore, the interaction of the 
graininess and streaking of second inkjet printer is more appropriate additive than 
multiplicative relationship. 
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(d)
Figure 4.1 (a) 2D NPS of K50 test pattern (b) Horizontal Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and vertical streaking from first laser printer with appropriate amplitudes 
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(d) 
Figure 4.2 (a) 2D NPS of K80 test pattern (b) Horizontal Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and vertical streaking from first laser printer with appropriate amplitudes 
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(d) 
Figure 4.3 (a) 2D NPS of K100 test pattern (b) Horizontal Profiles of real NPS, 
additive, and multiplicative results (c) Additive image in space domain (left) and 2D 
NPS (right) (d) Multiplicative image in space domain (left) and 2D NPS (right) of 
simulated graininess and vertical streaking from first laser printer with appropriate 
amplitudes 
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(d) 
Figure 4.4 (a) 2D NPS of K20 test pattern (b) Horizontal Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and vertical streaking from second laser printer with appropriate amplitudes 
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(d) 
Figure 4.5 (a) 2D NPS of K50 test pattern (b) Horizontal Profiles of real NPS, additive, 
and multiplicative results (b) Additive image in space domain (left) and 2D NPS (right) 
(c) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and vertical streaking from second laser printer with appropriate amplitudes 
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(d) 
Figure 4.6 (a) 2D NPS of K80 test pattern (b) Horizontal Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and vertical streaking from second laser printer with appropriate amplitudes 
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(d) 
Figure 4.7 (a) 2D NPS of K100 test pattern (b) Horizontal Profiles of real NPS, 
additive, and multiplicative results (c) Additive image in space domain (left) and 2D 
NPS (right) (d) Multiplicative image in space domain (left) and 2D NPS (right) of 
simulated graininess and vertical streaking from second laser printer with appropriate 
amplitudes 
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(d) 
Figure 4.8 (a) 2D NPS of K20 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and horizontal streaking from first inkjet printer with arbitrary amplitudes  
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(d) 
Figure 4.9 (a) 2D NPS of K50 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and horizontal streaking from first inkjet printer with arbitrary amplitudes  
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(d) 
Figure 4.10 (a) 2D NPS of K80 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and horizontal streaking from first inkjet printer with arbitrary amplitudes  
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(d) 
Figure 4.11 (a) 2D NPS of K100 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and horizontal streaking from first inkjet printer with arbitrary amplitudes  
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(d) 
Figure 4.12 (a) 2D NPS of K20 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and horizontal streaking from second inkjet printer with arbitrary amplitudes 
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(d) 
Figure 4.13 (a) 2D NPS of K50 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and horizontal streaking from second inkjet printer with arbitrary amplitudes 
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(d) 
Figure 4.14 (a) 2D NPS of K80 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and horizontal streaking from second inkjet printer with arbitrary amplitudes 
 
 
 85
  horizontal fre.(cycles/mm)
ve
rti
ca
l f
re
.(c
yc
le
s/
m
m
)
K100
-10 -5 0 5 10
-10
-5
0
5
10 5
10
15
20
25
30
35
40
45
50
55
10-1 100 101
-40
-30
-20
-10
0
10
20
30
40
Frequency - Log10 (cycles/mm)
N
P
S
 (d
B
)
100
Vertical Deconvoluted NPS
Additive Results
Multiplicative Results
 
                                     (a)                                                                              (b) 
       horizontal fre. (cycles/mm)
ve
rti
ca
l f
re
. (
cy
cl
es
/m
m
)
2D NPS (dB)
-10 -5 0 5 10
-10
-5
0
5
10 5
10
15
20
25
30
35
40
45
50
55
 
(c) 
 horizontal fre. (cycles/mm)
ve
rti
ca
l f
re
. (
cy
cl
es
/m
m
)
2D NPS (dB)
-10 -5 0 5 10
-10
-5
0
5
10 5
10
15
20
25
30
35
40
45
50
55
 
(d) 
Figure 4.15 (a) 2D NPS of K100 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and horizontal streaking from second inkjet printer with arbitrary amplitudes 
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4.2 Additive and Multiplicative Results of Graininess and Banding 
This section presents the relationship of graininess and banding defects for first laser and 
first inkjet printers because there are not any banding artifacts from the second laser and 
second inkjet printers. The additive results are shown in the Figure 4.16(c)-4.19(c), which 
left figures are the space results and right figures are the spectral results of banding and 
graininess artifacts of K20, K50, K80, and K100 test samples, respectively. In addition, 
Figure 4.16(d)-4.19(d) are the multiplicative results of same configuration for the first 
laser printer. Using the same method previous section, we compared the real NPS, i.e., 
Figure 4.16(a)-4.19(a), with the additive and multiplicative NPS. From Equation (3-2), 
the multiplicative model includes the additive model and the multiplicative component of 
the graininess and banding artifacts. If the multiplicative value of graininess and banding 
did not affect to the simulated NPS of multiplicative model, this multiplicative model will 
be closed to the additive model. For the K20, K50, and K80 results, the additive model is 
enough to close to the real NPS because there is a little multiplicative component that is 
just a random noise as shown in the Figure 4.16(d)-4.18(d). For K100 result, the banding 
artifact was reduced by the multiplicative energy, but this is also not look like to real 
NPS.     
The results of graininess and banding defects from first inkjet printer are shown in the 
Figure 4.20-4.23. Figure 4.20(a)-4.23(a) are the real NPS, and the additive results are 
shown in the Figure 4.20(c)-4.23(c), which left figures are the space results and right 
figures are the spectral results of banding and graininess artifacts of K20, K50, K80, and 
K100 test samples, respectively. In addition, Figure 4.20(d)-4.23(d) are the multiplicative 
results of same configuration for the first inkjet printer. At the multiplicative model, the 
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banding defect (periodic component) disappears at the both (special and spectral) domain. 
However, the real banding defect has not affect on the graininess, and it is most likely to 
the additive model. 
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(d) 
Figure 4.16 (a) 2D NPS of K20 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and vertical banding from first laser printer with appropriate amplitudes 
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(d) 
Figure 4.17 (a) 2D NPS of K50 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and vertical banding from first laser printer with appropriate amplitudes 
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(d) 
Figure 4.18 (a) 2D NPS of K80 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and vertical banding from first laser printer with appropriate amplitudes 
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(d) 
Figure 4.19 (a) 2D NPS of K100 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and vertical banding from first laser printer with appropriate amplitudes 
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(d) 
Figure 4.20 (a) 2D NPS of K20 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and horizontal banding from first inkjet printer with appropriate amplitudes 
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(d) 
Figure 4.21 (a) 2D NPS of K50 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and horizontal banding from first inkjet printer with appropriate amplitudes 
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(d) 
Figure 4.22 (a) 2D NPS of K80 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and horizontal banding from first inkjet printer with appropriate amplitudes 
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(d) 
Figure 4.23 (a) 2D NPS of K100 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
graininess and horizontal banding from first inkjet printer with appropriate amplitudes 
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4.3 Additive and Multiplicative Results of Banding and Streaking 
This section shows the interaction results of banding and streaking defects for first laser 
and first inkjet printers because there are not any banding artifacts from the second laser 
and second inkjet printers. As similar to the banding and graininess results, the additive 
results are shown in the Figure 4.24(c)-4.26(c), which left figures are the space results 
and right figures are the spectral results of banding and graininess artifacts of K20, K50, 
K80, and K100 test samples, respectively. In addition, Figure 4.24(d)-4.26(d) are the 
multiplicative results of same configuration for the first laser printer. Using the same 
method previous section, we compared the real NPS with the additive and multiplicative 
NPS. At the multiplicative model, we can see some streaking artifact to move to the 
banding defect, but the streaking of real NPS is not changed by the banding defect. As 
similar as graininess, streaking is also seems to the independent to the banding, which 
looks more close to the additive model of all test samples. In addition, the banding 
artifact has not been changed in both additive and multiplicative model as shown in 
Figure 4.24(b)-4.26(b).     
Figure 4.27-4.30 present the interaction results of banding and streaking defects from first 
inkjet printer. The additive results are shown in the Figure 4.27(c)-4.30(c), which left 
figures are the space results and right figures are the spectral results of banding and 
graininess artifacts of K20, K50, K80, and K100 test samples, respectively. The 
multiplicative results are shown in Figure 4.27(d)-4.30(d). The multiplicative results of 
horizontal banding and streaking look same as only horizontal streaking. In other words, 
the multiplicative result of periodic and random component is the random value. 
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Therefore, banding defect is independent to the random streaking, and it is reasonable for 
additive model to close the real NPS.   
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(d) 
Figure 4.24 (a) 2D NPS of K50 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
vertical banding and vertical streaking from first laser printer with appropriate 
amplitudes 
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(d) 
Figure 4.25 (a) 2D NPS of K80 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
vertical banding and vertical streaking from first laser printer with appropriate 
amplitudes 
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(d) 
Figure 4.26 (a) 2D NPS of K100 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
vertical banding and vertical streaking from first laser printer with appropriate 
amplitudes 
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(d) 
Figure 4.27 (a) 2D NPS of K20 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
horizontal banding and horizontal streaking from first laser printer with appropriate 
amplitudes 
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(d) 
Figure 4.28 (a) 2D NPS of K50 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
horizontal banding and horizontal streaking from first laser printer with appropriate 
amplitudes 
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(d) 
Figure 4.29 (a) 2D NPS of K80 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
horizontal banding and horizontal streaking from first laser printer with appropriate 
amplitudes 
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(d) 
Figure 4.30 (a) 2D NPS of K100 test pattern (b) Vertical Profiles of real NPS, additive, 
and multiplicative results (c) Additive image in space domain (left) and 2D NPS (right) 
(d) Multiplicative image in space domain (left) and 2D NPS (right) of simulated 
horizontal banding and horizontal streaking from first laser printer with appropriate 
amplitudes 
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CHAPTER 5  
Conclusions and Future Work 
The chapter focuses on the contributions made and the inferences that can be derived 
based on the results of additive and multiplicative test of simulated printer defects. The 
summary and conclusion of the two suggested test models are discussed on section 5.1. 
Section 5.2 describes the possible future research directions and suggestions for print 
quality evaluations. 
5.1 Summary and Conclusions 
The objective of this thesis was to determine the interactive relationships of print defect 
patterns such as graininess, streaking, and banding under flat-field hardcopy outputs. The 
characterization tool used in this work was the power spectral density (PSD) of flat-field 
printer outputs. The additive and multiplicative models were considered for describing 
the interaction between printer defects. Simulated print defect patterns and metrics based 
on the NPS were use to demonstrate the patterns generated by multiplicative and additive 
processes. These results were compared the noise power spectrum (NPS) of actual flat-
field prints from digital printers (two laser printers and two inkjet printers) to draw 
conclusion concerning actual artifact interaction. 
The result of graininess and streaking artifacts was an additive interaction. The reason is 
that the shape of graininess in multiplicative model has changed by the streaking artifact. 
However, the graininess of real NPS does not change their shape, and in other words, the 
graininess of real NPS has not affect on the streaking artifact. Therefore, the interaction 
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of the graininess and streaking artifacts is more appropriate additive than multiplicative 
relationship. 
The result of graininess and banding artifacts was an additive interaction. At the 
multiplicative model, we found out there is no multiplicative components in the results of 
first laser printer and the banding defect (periodic component) disappears at the both 
(special and spectral) domain in the results of first inkjet printer. Furthermore, graininess 
is seems to the independent to the banding, which is look to more close to the additive 
model of all test images.  
The result of banding and streaking artifacts was an additive interaction. At the 
multiplicative model, we found out some streaking energy to move to the location of the 
banding defect, but the streaking of real NPS is not changed by the banding defect. As 
similar as graininess, streaking is also seems to the independent to the banding, which 
looks more close to the additive model of all test samples.  
5.2 Future Work 
The contribution of this thesis focused on finding the interaction between printer defects 
that affect uniformity such as graininess, streaking, and banding, and being able to model 
these interactions in the NPS. There are two different types of uniformity such as Macro-
uniformity and Micro-uniformity. The contributors of Macro-uniformity are streaks, 
bands, mottle, gradients, moiré, etc and the contributors of Micro-uniformity are streaks, 
bands, voids, mottle, granularity, textures, noise, etc. An understanding of the interaction 
of many different contributors of uniformity could lead to better models for combining 
metrics for perceptual scoring of image quality. In addition, some other multiplicative 
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models also need to consider comparing an additive model with automatic and systemic 
method.  
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APPENDIX  
A: The Properties of Printers 
A-1 The Properties of First Inkjet Printer 
Property Setting 
Print Quality (mode) Normal (300 * 300 dpi) 
Paper Setting Plain Paper 
Paper Size Letter [8.5 * 11 in.] 
Orientation Portrait 
Print in Grayscale Black Inks only for test patterns 
Saturation 50% (Muted – Vibrant) 
Brightness 50% (Darker – Lighter) 
Ink Volume 50 % (Light – Heavy) 
 
A-2 The Properties of Second Inkjet Printer 
Property Setting 
Print Quality (mode) Normal (300 * 300 dpi) 
Paper Setting Plain Paper 
Paper Size Letter [8.5 * 11 in.] 
Orientation Portrait 
Print in Grayscale Black Inks only for test patterns 
Shading (Halftone) Auto 
Brightness 50% (Darker – Lighter) 
Contrast 50 % (Light – Heavy) 
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 A-3 The Properties of First Laser Printer 
Property Setting 
Print Quality (mode) Normal (600 * 600 dpi) 
Paper Setting Plain Paper 
Paper Size Letter [8.5 * 11 in.] 
Orientation Portrait 
Print in Grayscale Black Inks only for test patterns 
Saturation 50% (Muted – Vibrant) 
Brightness 50% (Darker – Lighter) 
Ink Volume 50 % (Light – Heavy) 
 
A-4 The Properties of Second Laser Printer 
Property Setting 
Print Quality (mode) Normal (600 * 600 dpi) 
Paper Setting Plain Paper 
Paper Size Letter [8.5 * 11 in.] 
Orientation Portrait 
Print in Grayscale Black Inks only for test patterns 
Shading (Halftone) Auto 
Brightness 50% (Darker – Lighter) 
Contrast 50 % (Light – Heavy) 
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B: The Properties of Scanners 
 
 
B-1 The Properties of Flatbed Scanner (Epson 1650) 
Property Setting 
Image type Color Photo ? Pixel Depth : 24-bit color 
Destination EPSON Stylus Printer (Photo) 
Resolution 300, 600, 1300, and 1600dpi 
Source (ROI)  80 mm * 80 mm (Figure 2.2) 
Scale 100% 
Exposure 0 
Gamma 1.8 
Highlight 246 
Shadow 40 
Tone correction Linear 
Gray Balance Intensity 100 
Saturation 0 
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